We have measured the production of hu 10 keV x rays from low-density, Ge-doped aerogel targets at the OMEGA laser (Laboratory for Laser Energetics, University of Rochester). The targets were 1.2mm long by 1.5mm diameter beryllium cylinders filled with Ge-doped (20 atomic percent) Si02 aerogel. The doped-aerogel density was 4.8 or 6.5 mg/cc. These targets are a major advance over previous doped aerogels: instead of suspending the dopant in the Si02 matrix, the Ge atoms, with chemistry similar to Si, are incorporated directly in the matrix. Forty beams of the OMEGA laser (A 351 nm) illuminated the two cylindrical faces of the target with a total power of approximately 18 TW. The laser interaction strongly ionizes the target (n6/n < 0.1-0.2), and allows the laser-bleaching wave to ionize supersonically the high-Z emitter ions in the sample. Ge K-shell x-ray emission was spectrally resolved with a two-channel crystal spectrometer and recorded with temporal resolution with a set of calibrated photoconductive devices (PCDs). The heating of the target was imaged with a gated (60 ps time resolution) x-ray framing camera, filtered to observe > 4 keV. 2-D radiativehydrodynamic calculations predict rapid and uniform heating over the whole target volume with minimal energy losses into hydrodynamic motion. The calculations predict 150-200 J of x-ray energy output with hu 10 keV. Good agreement between measurements and the calculations is found.
INTRODUCTION
Bright, multi-keV x-ray sources are essential for radiography of inertial-confinement fusion (ICF) experiments. In this context, there are two parameters of importance: the energy of the emitted photons, which determines how penetrating the x rays are for radiographic purposes, and the brightness of the source, which determines the ability of a radiograph to detect small features. As ICF experiments continue to get larger, such as those that will be carried out at the National Ignition Facility at Lawrence Livermore National Laboratory or at the French Commissariat a l'Energie Atomique's (CEA) Laser MegaJoule, and compression in fuel capsules gets higher, sources for x-ray backlighting will have to have harder-photon spectra.' For a given laser energy available to pre-pulsed foils.8 ' 9 Part of the present research has been to find materials that are solid at room temperature, can be shaped and handled easily, and are efficient producers of high-energy x rays. Typically, gas targets have been used to produce high x-ray fluences at laser facilities.4'7 The experiments described here used low-density, germanium-doped aerogel as the converter material. The aerogel is solid at room temperature and, if stored carefully, appears to have an indefinite shelf life. The target is a significant advance in both the chemistry of aerogel materials and in the fabrication of laser-driven x-ray sources. In addition to the radiography applications mentioned above, plasma-radiation sources can be used for x-ray radiation effects testing. Exo-atmosphereic radiation threats create stringent operational hardness requirements, which must be validated with tests on adequate simulators. The targets of the present work obtained about 0.9% conversion efficiency, much better than solid targets that generate x rays in this energy range, in a recent series of x-ray effects tests. A number of different objects were placed close to the doped aerogel and the objects responses to the generated x rays were measured. The x rays produced thermo-mechanical shocks in aluminum plates and induced electrical currents in some of the test objects.
The following sections present our experimental set-up, the targets that produced the x-ray sources, and analysis of our data. Simulations of the x-ray output from the target are also presented; we find that our lowdensity aerogel targets convert 0.9% of the laser's energy into x rays between 4.5 and 15 keV, with an average spectral energy of 7.1 keV.
EXPERIMENTAL SET-UP
In this section, we describe the laser facility at which the current series of experiments was performed, the x-ray source, and the diagnostics of the x-ray output. The OMEGA target chamber is nearly 3.2 meters in diameter.
During campaigns, it is kept at high vacuum ( 2-5x i0 Torr). There are six ten-inch manipulators (TIMs) attached to the chamber, each of which is separated from the vacuum by a flapper valve. A boat on rails can be extended from the TIM into the chamber. All diagnostic instruments were designed to fit in these boats, which allowed changes to diagnostics between shots without having to break the vacuum of the main target chamber. The time to pump one of the TIMs is approximately 5 minutes. High-precision mechanical pointers were made for each diagnostic to place them at the desired standoff distance from the x-ray source and to be sure there was no interference with the laser beams.
The Laser
The OMEGA laser (Laboratory for Laser Energetics, University of Rochester) is a 60 beam Nd:glass laser that can deliver up to 30 kJ of 3w (An351 nm) light to the target chamber center.'° Pulse shapes can be tailored to deliver the energy in flattop pulses or pulses with rising or falling ramps. Typically, pulse lengths range from one to three nanoseconds. Individual beams can be delayed relative to others by arbitrary amounts up to 6 ns. The best focus available for each beam is a spot approximately 50 pm in diameter, but can be made larger as required. Several techniques exist for smoothing the intensity distribution across the laser spot, including inserting phase plates in the focusing optics, adding spectral noise to the seed pulse, and separating, then overlapping, the different polarization components in the beam (distributed polarization rotators or DPRs). It is this latter method that we used in the present experiments. The use of the DPRs means that the individual beam footprints are nearly 80 pm diameter at best focus.
For the arrangement of the target in this series of shots, we were able to irradiate our x-ray source with 40 beams (20 per cylindrical face of the target) that strike the target in three cones of beams at 21.42, 42.00, 58.85°, respectively (Fig. 1) . The most-shallow-angle cone of beams (cone 1) was focused to a point 700 pm in front of the target's face and diverged onto the target material. The two steeper cones of beams (2 and 3) were focused at points inside the target; the footprints of the beams on the cylindrical faces of the target in cones 1, 2 and 3 had 314, 221 and 334 pm diameters, respectively. The resulting vacuum laser intensity where all 20 beams overlap on a single face of the target is 1.4x 1016 W/cm2 in an 500 pm spot. All laser pulses were 1 ns square pulses with 150 ps rising and falling edges (pulse shape 5G1018). For four of the six shots conducted, all 40 beams were incident at tnO, while for two of the shots (39157, 39158), the 10 cone 2 beams and 20 cone 3 beams were delayed by 250 and 500 ps respectively, with respect to the cone 1 beams. The total energy delivered to the target and vacuum laser intensity on each face of the target for each shot in this series are listed in Table 1 . Because of the fast-rising edge of the laser pulse, it was predicted that all of diagnostic data would have to be acquired with high sampling rates and large bandwidth to preserve high-frequency components. To this end, six TDS6804 (Tektronics) oscilloscopes were rented, each of which has four channels that sample at 2OGsamples/s with 8 GHz bandwidth. This proved to be adequate. Energy can be reflected from the target by laser-driven instabilities such as stimulated Raman scattering (SRS), in which the incident electromagnetic wave of the laser resonantly decays into a plasma electron wave and a reflected wave, and by stimulated Brillouin scattering (SBS), in which the laser wave decays into ion acoustic waves in the plasma and a reflected wave.11 The drive energy scattered from the targets by these two instabilities back into the f/6.7 optics of one cone 2 and cone 3 beam has been measured with calorimeters, and resolved spectrally and temporally with a full-aperture backscatter system (FABS). In total, as much as 5% (which is an upper bound) of the energy onto each face of the target is scattered, principally through the SBS channel. The calorimeter-measured reflected energy, as a fraction of total energy in a particular beam, is listed for each shot in Table 1 . Analysis of the streaked spectra of the scattered energy is underway to diagnose plasma temperatures and densities. Time integrated x-ray pinhole images from three doped-aerogel targets with different densities. From left to right, the targets had densities of 3.1, 4.8 and 6.5 mg/cc, which correspond to densities of 0.09, 0.14 and 0.19 n. The differences in axial extent of the x-ray emitting region is due to the difference in target density, and possibly also to differences in irradiation intensity and target chemistry.
The X-Ray Source
The x-ray source for this test series was a germanium-doped Si02 aerogel that contained 50% Ge by weight (20 atomic percent). The aerogels as fielded were made at two densities, 4.8 mg/cm3 and 6.5 mg/cm3; these densities resulted in plasmas with electron densities 14 and 19%, respectively, of the laser's critical density (critical density, nrn., for 351 nm light is 9x 1021 cm3). The 14% critical-density value for these targets was chosen based on experience with x-ray output from gas targets.7 The higher level of dopant possible in these targets compared to previous Ti-doped aerogels6 is due to the chemical similarity of Ge and Si. Unlike the case of the Ti dopant, where the Ti atoms are suspended and supported in the 5i02 matrix, the Ge atoms of the present targets are incorporated directly into the aerogel polymer chains. The aerogel material was cast in 75-pm thick Be cylinders that were 1.2-mm long and had inner diameters of 1.5 mm. The Be walls of the cylinders transmit greater than 95% of the 10-keV Ge x rays. The two open faces of the cylinders were each irradiated with up to 10 kJ of blue (351 nm) laser light. The beams penetrate the aerogel, supersonically3' 12 or transonically, and heat to several kilo-electron volts (key) a large fraction of the volume in the cylinder producing K-shell Ge ions (Ge3O+). The supersonic heating of the aerogel means that the laser energy goes to ionizing, locally, the high-Z x-ray emitting atoms, and not to ablating material; energy is not lost to large-scale hydrodynamic motion of the target. Thus, the laser energy is efficiently converted into 10-keV Ge K-shell x rays. Time-integrated pinhole x-ray pictures of three of our targets are shown in Fig. 2 . The pinhole cameras used for Fig. 2 were filtered with li-mil Be, thereby restricting the images to x rays with energies greater than 3 keV. The image on the left is from a 3.1 mg/cm3 Ti-doped aerogel in a 2.2 x 2.0 mm (length x diameter) cylinder; thus it shows a heated volume that is -3.3x larger than those of the cylinders holding the Ge-doped aerogels used here. It is an open and interesting question as to why the emission seems to be constrained to two hot lobes of plasma near the faces of the cylinder for the two higher-density targets; these images suggest that the targets can be further optimized by using a lower aerogel density between 3 -4.8 mg/cm3. Another unresolved question is whether conductive losses to the cylinder walls'3 affect the propagation of the heat front, resulting in the forward-peaked axial profile seen in the middle image. These questions are being addressed through modeling and simulation.
The time-integrated x-ray spectrum of the heated target was measured between 1.5-iS keV for each shot with a four-channel crystal spectrometer (HENWAY).'4 The spectrometer had a view of one face of the target at an angle of 61° with respect to the target axis. Two channels gave coverage in the stated energy band. The higher-energy channel used a pentaerythritol (PET) crystal, while the lower-energy channel was measured with a potassium-hydrogen-phthalate (KAP) crystal. The PET-crystal measured the spectrum between 4.5-iS keV. This channel was filtered differently across the face of the crystal: 1 or 3-mils Be, plus either 6 or 12-pm Al, and strips of 25-pm V 25.4-pm Cu or 1.8-mil Ge foils. The spectra were recorded on Kodak DEF film. measured lines. The spectra from three of the shots are shown in Fig. 3 . The spectra shown are dominated by the He6, (is-2p) line of Ge3°+ at 10.3 keV, but He (is-3p) and He (is-4p) features are also visible above 12 keV. For five of the six shots in the present series, the continuum emission on the soft side of each spectrum accounts for less than 50% of the total emission in the 4.5-is keV spectral band, while for shot 39154, the continuum is nearly 60% of the total output in the 4.5-iS keV band (see Fig. 3 ). The continuum emission in each spectrum can be fit to an exponential to get a time-averaged approximate plasma-electron temperature; results for the the six shots of the present series ranged from 2-3 keV. The relative intensities of the Ly6, to Ge3O+ He6, line features in Fig. 3 suggest temperatures in the target plasmas of 2.5-3.5 keV.
Diagnostics
Both time-integrated and temporally resolved x-ray output measurements were made in this shot series; time integrated x-ray outputs were measured with the HENWAY spectrometer described above. An array of nine diamond photoconductive devices (PCDs) was provided by Sandia National Laboratory in order to measure the time history and yield of the x-ray pulses.'5 The array was designed to fit in the boat of the OMEGA TIMs, and was fielded in TIM1. Several of the PCDs have also been used in radiation-effects tests on the SNL Z facility, and their responses are well known. The PCDs were filtered with 0.3 to 10 mils of kapton in order to discriminate contributions to the output from different regions of the radiated spectrum. The three PCDs filtered with 10 mils of kapton also had an additional 15.6 pm of aluminum. Those channels measured x-rays above 4 keV, which is complementary with the spectral range measured by the high-energy channel of the HENWAY spectrometer. The PCD signals were recorded with the TD56804 scopes (SO-ps sampling), and redundant traces were read on TD5694C scopes provided by Sandia. The signals were sent to the scopes down 60 ft of 3/8" heliax cable; bandwidth loss in the cables, which was significant, was quantified before the shots. All diagnostic information from the PCDs is frequency compensated according to the known bandwidth losses, and corrected for the PCD dc-bias response at large voltage responses.
A streaked crystal spectrometer was fielded to obtain time-resolved temperature measurements of the xray source from diagnostic line ratios. This spectrometer was fielded in TIM2 with an ammonium dihydrogen phosphate (ADP) crystal and filtering of 15 mils of Be plus 12 pm Al, but due to insufficient resolving power of the crystal, and a problem of persistence of the signal on the CsI photo-cathode, this diagnostic did not return useful data. As noted above, however, an estimate of 2-3 keV for the average temperature of the x-ray emitting energy (key) Figure 4 . Five x-ray images from shot 39154 taken with XRFC4. The radial extent of the x-ray emitting region expands to the full diameter of the cylinder in under 500 ps the heating fronts from the two faces of the cylinder meet at the targets center sometime near 750 ps after the start of the laser pulse.
plasma can be made from looking at the continuum signal on the high-energy channel from the HENWAY spectrometer.
The Ge-doped aerogel used to produce x rays in the present shot series should be underdense to the 3w drive laser. This means that the laser should be able to heat the entire volume of the source supersonically. In order to measure the extent of the laser heating, an x-ray framing camera (XRFC4) was fielded in TIM3. The camera was filtered with 15 mil of Be, which turned out to be slightly thinner than optimal. The camera has an array of 16 50-pm pinholes in front, which are imaged onto four strips of a microchannel plate (MCP) detector. The camera and detector were rotated 30° in the TIM in order to have the axis of the MCP strips parallel to the axis of the cylinder holding the doped aerogel. The camera had a 4x magnification, which fit the 1.5 mm diameter aerogel target onto the 7 mm width of the MCP strips of the XRFC4. Five images from shot 39154 are shown in Fig. 4 . The images show that the aerogel heats quickly in the radial direction, which is closer to the direction of propagation of the steeper-angle beam cones, but takes approximately 750 ps for the heat fronts from the two faces of the cylinder to meet in the axial direction. This is slower than was previously observed'2 with lower-density aerogels, but is consistent with the understanding of underdense heating phenomena. Shot 39154 was the only one where the two heat fronts overlapped during the laser pulse. From Fig. 3 (and Table  II ), this is also the shot with the greatest output. This observation indicates that optimal target performance can be achieved by either reducing the aerogel density, or shrinking the target, both of which should enable the heating fronts to overlap more easily. Work in these directions will be pursued in future source-development experiments.
Thermoelastic calorimeters (TECs) were also used to measure the x-ray yield of the target; they were fielded on four shots in TIM5. The TECs use the piezoelectric properties of quartz to convert a stress wave into a voltage signal. A disk of 606 1-T6 aluminum was attached with epoxy to a quartz disk that had electrodes attached. The absorbing surface of the Al was positioned 9 cm from the x-ray-emitting aerogel plasma. The x-ray deposition in the Al produces a stress wave in the Al disk that propagates in the quartz. The stress in the quartz produces a voltage response proportional to the stress. Two different filters (2 mil kapton and 10 mil kapton) were used to examine the response for different spectra and different fluences. At the fluences produced, the filters at their 8 cm position (1 cm in front of the Al plate) were ablated and deformed to the point where maintaining their position was problematic. They also were not reusable.
3. DATA ANALYSIS 3.1. The X-Ray Source
The measured total yields (KAP and PET channels summed) and the yields in the 4.5-iS keV range from the PET HENWAY channel for all six of our x-ray-source targets are given in Table 2 . The majority of the energy that is radiated is in the soft spectral range monitored by the KAP crystal. Uncertainty in the crystal reflectivities, the filter transmission and the detector response (Kodak DEF film) combine for a 30% uncertainty Table 2 . Yields from Ge-doped aerogels: columns are shot number, target density, total yield from KAP and PET HENWAY channels (summed), yield between 4.5-15 keV from HENWAY PET channel, yield with hi'> 4 keV from the PCDs, yield with hv> 4 keV for shots 39156, 39157 from the TECs, or (underlined) total x rays from the source estimated by the TEC response (39154, 398158), the average yield 'Y' in the hv>, 4.5 keV band and resulting conversion efficiencies (CE).
shot no. p (mg/cc) HENWAY total (J) PET (J) PCD (J) TEC (J) Y (J) CE in the stated HENWAY yields. The x-ray yields estimated from the most heavily filtered PCD channels (10 mils kapton plus 15.6 pm Al) and the thermoelastic calorimeters are given in the fifth and sixth columns of Table 2 , respectively. The PCD-measured yields are the average of three signals; statistical variation and uncertainty in the PCD response combine for a 25% uncertainty. The PCD yields show trends that follow the trends in the HENWAY yields closely, and are in excellent agreement with the absolute values of the (PET-measured) output for each shot. The TEC numbers show the same trends as the yields measured with HENWAY, and the absolute values given by the two shots where the TECs were filtered with 10 mil of kapton (39156 and 39157) are also in excellent agreement with both PCD and HENWAY (PET) yields. From the data in Table 2 one can note that the two higher density targets (shots 39153 and 39158, pn6.5 mg/cc) had the lowest yields, confirming that the optimal target density is closer to pn4.5 mg/cc in this case.7 A lower-density, Ge-doped target has not been shot, so we cannot conclude that pn4.8 mg/cc is the optimum density for these sources.
Analysis of the softer-energy HENWAY channel (KAP crystal, 1.5-3.5 key) is in progress, but derived yields are in the ranges of 1.5-1.8 to 2.5-6.1 kJ for the 6.5 and 4.8 mg/cc targets, respectively (third column in Table 2 ). The spectra from this channel will give information about the total power budget for conversion of the laser energy into x rays, and possibly plasma-temperature information if diagnostic line ratios can be found. In the cases of the two lightly filtered TEC gauges (39154 and 39158), the sum of the softer-and harder-energy HENWAY channels closely matches (< 20% difference) the total yield derived from the TEC response. However, with appropriate filtering, the softer-x-ray output from the targets can be removed from the radiation used for diagnostic applications.
The measured x-ray waveform as given by the PCDs is compared to the laser power delivered to the face of the target for shot 39156 in Fig. 5 . The time of the peak of the x-ray pulse has been arbitrarily matched to the time of the peak of the laser. The leading edge of the x-ray pulse lags the leading edge of the laser pulse slightly, which is due to the time it takes for the laser to ionize and heat the aerogel material; the x-ray pulse extends slightly past the laser pulse since the hot plasma still emits x rays as it cools. The x-ray waveform shown has an 700 ps rising edge and a 1.0 ns fwhm. Note that the filter assembly used for these shots was fielded on all shots with no changes, and no evidence of damage was observed, reinforcing that the laser driver produced very little debris. Given the representative spectra in Fig. 3 , and the yields in Table 2 , we can compute the fluence seen by a test object. Taking only the data for the 4.8 mg/cc aerogels, and looking at shots 39152 and 39154 as the lower and upper limits on output, then fluences were between 0.025 and 0.061 cal/cm2 for the 9 cm stand-off distance of the TEC gauges. The mean-photon energy in the spectra providing the x-ray fluence is 7 keV.
SIMULATIONS
We have run two-dimensional, Lagrangian, radiation-hydrodynamical pre-shot simulations of our laser-heated aerogel targets with the LASNEX code.'6' 17 The simulations have three cones of beams onto both faces of the higher than what was actually shot. In the simulation, the laser energy was delivered in a 1 ns square pulse with a 150 ps linear-ramp rise and fall. The resulting peak intensities in the simulation was 2x 106 W/cm2 on the target's axis. Electron heat transport in the targets is described by a standard multigroup flux-limited heat-diffusion model, in which the heat flux in a give zone is the minimum quantity of either the Spitzer-Härm thermal conductivity'8 or the flux-limited product of the electron thermal sound speed, electron density and temperature. A finite-element treatment of both the electron heat conduction and radiation diffusion has been employed, this gives a more accurate solution to the conduction equations for distorted Lagrangian meshes.
We have previously investigated the supersonic heat-front propagation in underdense aerogel and have found that for intensities an order of magnitude lower than in the present work, the standard heat-conduction model in LASNEX is adequate for predicting the heating in these targets as a function of time. However, increasing the laser intensity by a factor of two (in targets that were 35% less dense than the present targets) required a model that accounted for non-local electron heat transport in order to match measured heat-front trajectories. The present experiments have been carried out in an intensity regime that is 4x higher than this. Given this caveat, the simulations predict a merging of the heated volumes formed at each face of the 1.2 mm long target by sometime between 200 and 300 ps after the start of the laser pulse. From the framing camera images taken on each shot, merging of the heated regions is almost never seen during the laser pulse. For only one shot (39154, Fig. 4 ) do the heated regions even merge, and then at 750 ps after the start of the pulse.
The Detailed Configuration Accounting (DCA) atomic physics package'9 was used in LASNEX to compute the radiative emission from silicon, oxygen and germanium. The DCA package solves rate equations for the number of ions in each important excited state in each ionization state. This package is used when accurate atomic physics is needed for line diagnostics. DCA can handle any number of states connected by radiative and collisional bound-bound and bound-free, and auto-ionization and dielectronic recombination processes. The states and transition rates are specified in data files generated by other codes. Optionally, a simple screened hydrogenic 5.19 model can be produced at problem initialization. This latter option was used in the present simulations.
Peak temperatures in the simulation of the heated cylinder were 4 keV, which is consistent with the appearance of the Ge3l+ Ly6, feature in some of the observed spectra (see Fig. 3 ). The predicted spectral yield from the target is given in Table 3 . The predicted yield in the 1.15 4 keV spectral band, which is dominated by free-free continuum, Si K-shell lines and L-shell transitions in L-and K-shell Ge ions, is reasonably close to what was measured with the HENWAY KAP channel for three of our low-density shots, but far below the target output from the highest-performing shot (39154). The predicted yield between 4 -15 keV is 520 J into 4ir steradian; this is 2x greater than the yield in the same band for the highest performing shot of this campaign. It is not clear if a more sophisticated atomic model, or a better treatment of the electron heat-conduction in the problem would bring the predicted yield from the target more in line with the measurements.
CONCLUSIONS
Large x-ray outputs from Ge-doped aerogels have been measured in the 4.5 15 keV band. The observed conversion efficiencies average 0.9% for the four p=4.8 mg/cm3 targets of the present shot series; this is higher than what has traditionally been measured from solid-foil targets in this energy band. Minimal energy is reflected from the target ( 5%) indicating that most of the laser energy is available to couple to our underdense aerogels.
Framing camera images show a quick heating in the radial direction of our cylindrical targets, but in only one of our targets did the heat fronts from the two faces of the target merge at the center of the target; that one target strongly outperformed the other targets with similar densities. Our x-ray yields for the targets are consistent on three independent diagnostics, a crystal spectrometer, PCDs and thermoelastic calorimeters; the PCD data indicate that the history of the x-ray output tracks the delivered laser power. Simulations made with the LASNEX code over predict x-ray output in the 4 15 keV band; it is known that in the laser-intensity regime in which these experiments take place, non-local heat-transport effects are important (if not dominant) and must be taken into account. Finally, it is clear that optimization remains to be done on the targets that have been fielded: a true optimum density remains to be found, targets less dense than 4.8 mg/cm3 should be shot; perhaps better laser coupling will be found at lower laser intensities (larger spot sizes on the target); and shrinking the axial dimension of the target may result in better performance by ensuring the heat fronts can overlap.
